Asia in the year 2006 is developed to support the Intercontinental Chemical Transport Experiment-Phase B (INTEX-B) funded by the National Aeronautics and Space Administration (NASA). Emissions are estimated for all major anthropogenic sources, excluding biomass burning. We estimate total Asian anthropogenic emissions in the year 2006 as follows: 47.1 Tg SO 2 , 36.7 Tg NO x , 298.2 Tg CO, 54.6 Tg NMVOC, 29.2 Tg PM 10 , 22.2 Tg PM 2.5 , 2.97 Tg BC, and 6.57 Tg OC. We emphasize emissions from China because they dominate the Asia pollutant outflow to the Pacific and the increase of emissions from China since 2000 is of great concern. We have implemented a series of improved methodologies to gain a better understanding of emissions from China, including a detailed technologybased approach, a dynamic methodology representing rapid technology renewal, critical examination of energy statistics, and a new scheme of NMVOC speciation for modelready emissions. We estimate China's anthropogenic emissions in the year 2006 to be as follows: 31.0 Tg SO 2 , 20.8 Tg NO x , 166.9 Tg CO, 23.2 Tg NMVOC, 18.2 Tg PM 10 , 13.3 Tg PM 2.5 , 1.8 Tg BC, and 3.2 Tg OC. We have also estimated 2001 emissions for China using the same methodology and found that all species show an increasing trend during 2001-2006: 36% increase for SO 2 , 55% for NO x , 18% for CO, 29% for VOC, 13% for PM 10 , and 14% for Correspondence to: Q. Zhang (zhangq@anl.gov) PM 2.5 , BC, and OC. Emissions are gridded at a resolution of 30 min×30 min and can be accessed at our web site (http://mic.greenresource.cn/intex-b2006).
Introduction
In 2006 the Intercontinental Chemical Transport Experiment-Phase B (INTEX-B) was conducted by the National Aeronautics and Space Administration (NASA). The INTEX-B mission was broadly designed to (a) improve our understanding of sources and sinks of environmentally important gases and aerosols through the constraints offered by atmospheric observations, and (b) understand the linkages between chemical source regions and the global atmosphere and the implications of human influence on climate and air quality . INTEX-B had a spectrum of measurement objectives for which individual aircraft flights were conducted in spring 2006. One of the specific objectives of INTEX-B was to quantify transport and evolution of Asian pollution to North America and assess its implications for regional air quality and climate (Singh et al., 2009) . In this respect, INTEX-B had similar goals to a predecessor NASA mission in 2001, TRACE-P (Transport and Chemical Evolution over the Pacific) , which studied outflow of pollution from the Asian continent and subsequent transport across the Pacific Ocean.
The processes of interest to INTEX-B operate at a variety of scales from local to global. To efficiently represent
Published by Copernicus Publications on behalf of the European Geosciences Union. 5132 Q. Zhang et al.: Asian emissions in 2006 these scales in a flight-planning context and in post-mission data analysis, multi-scale atmospheric models are used. One such modeling system used was developed at the University of Iowa . This system includes global-scale inputs from the MOZART global chemical transport model (Horowitz et al., 2003) , the intercontinental chemical tracer model CFORS , and a nested regional chemical transport model, STEM-2K3 (Tang et al., 2004) . In order to drive such a modeling system, emission inventories are necessary. For the TRACE-P mission a detailed emission inventory was prepared for the year 2000 that has received widespread application both within the TRACE-P mission and in subsequent Asian modeling studies. To support INTEX-B it has been necessary to update the TRACE-P inventory to reflect the extremely rapid economic growth in Asia since 2001. In addition, new work was necessary to refine the temporal and spatial resolution of the emission data and to add important new species, source types, and geographical regions. This new inventory for 2006 enables a more accurate representation of Asian outflow, cross-Pacific transport, and North American inflow to be provided for INTEX-B studies.
During the past several years, China's atmospheric emissions are known to have increased markedly, following the dramatic growth of its economy and energy use. The general methodology used to build the new Asian regional emission inventory has been described in . Using the same general approach, we have implemented an improved technology-based methodology, in order to be able to reflect the types of technology presently operating in China. We also implemented a new anthropogenic PM emission model to calculate primary PM emissions, including PM 10 and PM 2.5 , which the TRACE-P inventory did not address.
The key elements of the INTEX-B inventory are listed in Table 1 . The domain covers 22 countries and regions in Asia and stretches from Pakistan in the West to Japan in the East and from Indonesia in the South to Mongolia in the North (Fig. 1) . In this paper we emphasize emissions from China because they dominate the Asia pollutant outflow to the Pacific and the increase of emissions from China since 2000 is of great concern.
Emissions are estimated for eight major chemical species: SO 2 , NO x , CO, nonmethane volatile organic compounds (NMVOC), particulate matter with diameters less than or equal to 10 µm (PM 10 ), particulate matter with diameters less than or equal to 2.5 µm (PM 2.5 ), black carbon aerosol (BC), and organic carbon aerosol (OC). Emissions of methane (CH 4 ) and ammonia (NH 3 ) were not updated from TRACE-P in this work, because they have not changed much since 2000, as confirmed by the REAS inventory . In addition, CH 4 and NH 3 were low priorities of the INTEX-B mission . NMVOC emissions are speciated into five categories corresponding to five different chemical mechanisms (CBIV, CB05, RADM2, SAPRC99, and SAPRC07); this aspect of the inventory is described in a separate paper .
Only anthropogenic emissions are estimated in this work. Biomass burning emissions were included in the TRACE-P inventory, but since then a number of new high-resolution biomass burning inventories have been developed using satellite observations of burning (e.g., Duncan et al., 2003; van der Werf et al., 2006; Randerson et al., 2007 ) that offer superior representation of emissions for specific years. Section 2 documents the methodology used in this work. The estimation of emissions from such a wide variety of species and regions cannot be described in complete detail due to space limitations. However, we give a general overview of methods, data, and data sources for this inventory and highlight the major advances from the previous TRACE-P inventory.
Emission estimates for the year 2006 are presented in Sect. 3. It should be noted that this 2006 INTEX-B inventory (I06) and the 2000 TRACE-P inventory (T00) are not directly comparable, because several important methodological changes were made at the same time to improve the Emissions are initially calculated by country (by province for China) on an annual basis. However, emissions from some species have strong seasonal variations associated with such activities as fossil-fuel and biofuel use for home heating in winter. The seasonality in emissions is important when comparing emissions with time-specific field measurements. For this reason, we have also developed monthly emissions using a variety of methods, which are discussed in Sect. 3.3. Atmospheric models also require gridded emissions as inputs, rather than regional emission totals. Section 3.4 presents the spatial distribution of emissions at a resolution of 30 min×30 min, using various spatial surrogates. All regional summaries and gridded data can be downloaded from several websites, as described in Sect. 3.5.
In the discussion section (Sect. 4), we compare our estimates with other inventory studies. Top-down constraints on emissions also provide valuable clues for verifying emission estimates, which have been successfully used in the revision and improvement of China's CO emission inventory after the TRACE-P campaign . Therefore, in Sect. 4 we also compare our inventory with various top-down constraints, e.g., forward modeling, inverse modeling, and constraints from satellite and in-situ observations, and try to explain any discrepancies between inventories and top-down studies. In Sect. 4.3, we discuss the major uncertainties in this inventory and the future efforts that are needed to develop an even better understanding of Asian emissions. Finally, in Sect. 4.4, we summarize the relevant studies that have used this inventory and the implications for the present inventory. Figure 2 shows the general methodology for this inventory. We assemble the new Asian emission inventory according to the following steps. First, we implement a series of improved, technology-based methodologies to develop a new emission inventory for China. The key aspects of these improvements are documented in Sect. 2.1. This same approach was used for the development of the improved CO inventory , the first primary particulate emission inventory (Zhang et al., , 2007a , and a new NO x emission trend for China (Zhang et al., 2007b) . We update China's emissions to the year 2006 with these new methodologies. Second, we update emissions for other Asian countries to the year 2006 following the methodology of the TRACE-P inventory but using the most recent statistics available. Third, we incorporate the best available datasets for some selected regions, where good national inventories exist that are thought to be more accurate than the TRACE-P inventory, being built on local data sources and local knowledge. In this respect we have incorporated the following external data sources into the INTEX-B inventory: SO 2 and aerosol inventories for India (Reddy and Venkataraman, 2002a, b) ; a 1 km×1 km high-resolution emission inventory for Japan (Kannari et al., 2007) ; a South Korean inventory from the National Institute of Environmental Research of Korea (NIER, 2005 (NIER, , 2008 , and a Taiwan inventory from the Taiwan Environmental Protection Administration . These override the TRACE-P updates. Finally, we check for consistency among the different datasets, choose the appropriate precision for the final product, and finally export the dataset over the whole of Asia with a uniform data format.
Methodology
In this section, we focus on the new methodology for China's emission estimates, because it is the major revision of the inventory compared with the TRACE-P inventory and the change that has the single largest impact on total Asian emissions. The emissions of a particular species are estimated by the following equation:
For a given technology m, the net emission factor is estimated as follows:
where i represents the province (municipality, autonomous region); j represents the economic sector; k represents the fuel or product type; m represents the technology type for combustion and industrial process; n represents a specific control technology; A represents the activity rate, such as fuel consumption or material production; X is the fraction of fuel or production for a sector that is consumed by a specific technology; EF is the net emission factor; EF RAW is the unabated emission factor; C n is the penetration of control technology n; and η n , is the removal efficiency of control technology n.
Revision and improvement of the TRACE-P inventory for China
In this work, we have researched many aspects of the China part of the TRACE-P inventory for possible improvements by critical retrospective examination of how the original inventory was constructed and how well it performed in the various modeling and assessment projects in which it was used. We note the following major improvements thought to be necessary: a) A detailed technology-based approach. The final release rates of pollutants greatly depend on combustion efficiency, control equipment, and operating conditions. Thus, a detailed source classification by technology level is critical for obtaining reliable emission estimates. In the TRACE-P inventory, emitting sources were usually classified at the economic sector level, say, power generation, industry, or residential, and an average emission factor was applied for the whole sector. However, in a rapidly developing country like China, both advanced and old-fashioned technologies coexist in the marketplace, which can have very different levels of emissions. For example, the CO emission factors of industrial combustion devices can vary from 2 g/kg for large, modern coal-fired boilers to 156 g/kg for old kilns, leading to an average emission factor of 85.7 g/kg for the industrial combustion sector as a whole, more than a factor of two greater than the value used in the TRACE-P estimates. We have successfully applied such a technology-based methodology to improve the CO emission inventory for China , and we expand the method to all species in this work.
b) Re-examination of energy statistics. Data inconsistency in Chinese energy statistics downgrades the accuracy of emission inventories that largely rely on statistics (Akimoto et al., 2006) . In recent work on China's NO x emission trend (Zhang et al., 2007b) , we critically evaluated the quality and reliability of current Chinese energy statistics and used several approaches for better representation of the real-world situation in China when compiling activity data. These approaches include: using coal consumption data in the provincial energy balance tables of the China Energy Statistical Yearbooks (CESY) to reflect the actual coal production and consumption; using diesel consumption data in the national energy balance table of CESY to avoid the "lost diesel" from inter-province transportation; and a model approach for fuel consumption for each vehicle type, as these data are not available in statistics. We followed these procedures in this work. For more details, the reader is referred to Sects. 3.2, 3.3, and 4.5 of Zhang et al. (2007b) . c) A dynamic methodology representing rapid technology renewal. Potentially rapid changes of emission factors should be considered when evaluating emission trends in developing countries. In China, new technologies are constantly coming into the marketplace -sometimes to replace older technologies, sometimes not -causing rapid changes in net emission rates in just a few years. Therefore, it is necessary to develop a representation of the dynamic change in net emission factors driven by the technology renewal process, rather than simply to use year-by-year activity data with fixed emission factors. In this study, we use this strategy when revisiting the TRACE-P emissions and comparing with 2006 emissions, to get a more reliable picture of emission trends. In Sect. 2.3, we summarize the change of emission factors from 2001 to 2006 due to technology renewal and discuss the resulting emission changes in Sect. 3.1.2. d) A size-fractioned primary PM emission inventory. The emissions of two aerosol species, BC and OC, were estimated in the TRACE-P inventory, but primary PM 10 and PM 2.5 emissions were not reported. In this paper, we present a comprehensive estimation of primary particulate emissions in China by size distribution and major components, using a technology-based approach described in Zhang et al. (2006 Zhang et al. ( , 2007a . With this approach, we are able to classify particulate emissions into three size ranges, total suspended particulates (TSP), PM 10 , and PM 2.5 (the latter two are reported in this paper), and also identify the contributions of BC and OC.
e) A new scheme of NMVOC speciation for model-ready emissions. NMVOCs differ significantly in their effects on ozone formation, and these differences need to be represented appropriately in the air quality models used to predict the effects of changes of emissions on formation of ozone. This requires appropriate methods to specify the chemical composition of the many types of NMVOCs that are emitted and appropriate methods to represent these compounds in the models. In the TRACE-P inventory, NMVOC emissions were speciated into 19 categories based on chemical reactivity and functional groups. However, these emissions are usually not ready for model use: atmospheric modelers have to map those 19 categories into the categories that their models use. This conversion process is not accurate and can introduce unpredictable uncertainties.
In this work, we improve the NMVOC speciation methodology toward an atmospheric-model-ready dataset by using a step-by-step VOC speciation assignment process. Emissions for individual VOC species are calculated by applying a state-of-the-art source profile database (e.g., to each source category. Then we lump individual NMVOC emissions to emitted species in different chemistry mechanisms. Up to now, we have developed model-ready emissions for five mechanisms: CBIV, CB05, RADM2, SAPRC99, and SAPRC07. The detailed description of this methodology and the results are presented in a separate paper .
f) Comparison with top-down constraints. Last, but not least, top-down analytical tools applied to the interpretation of emissions provide valuable constraints to improve bottomup emission inventories such as this one. Such techniques include forward modeling and inverse modeling using in situ and satellite observations, or even simply using observation data without models. In the years after the TRACE-P mission, these techniques have become widely used to constrain Asian emissions against a priori estimates. The results of these analyses sometimes support the inventory, while more often they raise questions about the accuracy of the inventory. In Sects. 4.1 and 4.2 of this paper, we present an intensive review of these analyses, discuss the existing discrepancies, and attempt to find a direction to reconcile the inventory in light of these findings.
Activity rates

China
We derive activity data for China for the years 2001 and 2006 from a wide variety of sources, with a critical examination of the data reliability. Fuel consumption in stationary combustion sources by sector and by province (A in Eq. 1) is derived from the provincial energy balance tables of the CESY (National Bureau of Statistics, 2004 Statistics, , 2007a , with the exception of diesel consumption. We use diesel consumption values in the national energy table of CESY and then derive shares from the provincial tables (see explanation in item b of Sect. 2.1). Industrial production by products and by province is derived from other governmental statistics (National Bureau of Statistics, 2002a Statistics, , b, 2006 Statistics, , 2007b AISIC, 2002 AISIC, , 2006 . The methods for determining activity levels of non-energy sources for NMVOC are the same as in previous analyses (Klimont et al., 2002) . The distributions of the combustion technology in each sector and the processing technology in each industrial product (X in Eq. 1) are generally not available from government statistics. In this work, these data were collected from a wide range of unpublished statistics by various industrial association and technology reports. The data sources of key emitting sources in China are summarized in Table 2 .
When this We classify vehicles into light-duty gasoline vehicles (LDGV), light-duty gasoline trucks up to 6000 lb gross vehicle weight (LDGT1), light-duty gasoline trucks with gross vehicle weight 6001-8500 lb (LDGT2), light-duty diesel trucks (LDDT), heavy-duty gasoline vehicles (HDGV), heavy-duty diesel vehicles (HDDV), and motorcycles, corresponding to the classification method in the US EPA's MO-BILE emission factor model. It is not possible to derive the fuel consumption for each vehicle type from CESY. As an alternative approach we estimate fuel consumption from vehicle population, annual average vehicle mileage traveled, and fuel economy for each vehicle type. This method has been documented in our previous work , and the full details of the model used and the methodological approach are described elsewhere (He et al., 2005) .
Other Asian countries
We follow the approach of the TRACE-P inventory for activity rates for other Asian countries but use International Energy Agency (IEA) energy statistics (IEA, 2006) for energy , 2006) and also extrapolated to the year 2006. The methods for determining activity levels of nonenergy sources of NMVOC are the same as in previous work (Klimont et al., 2001 ).
Emission factors
Emission factors for the years 2001 and 2006 for China are developed using our dynamic, technology-based methodology. We assume that the emission rate is fixed over the years for a given combustion/process technology (m in Eq. 1) and control technology (n in Eq. 2). Development of emission factors by technology has been documented in our previous work (Klimont et al., 2002; Streets et al., 2006; Zhang et al., 2006 Zhang et al., , 2007a . However, for a fast developing country like China, new technologies are constantly coming into the marketplace, causing rapid changes in the penetration of technologies (X in Eq. 1 and C n in Eq. 2) and therefore rapid changes in net emission factors for a fuel/product in a specific sector. We estimate year-by-year changes in X and C n , where possible.
In some cases, we use the same emission factors for the years 2001 and 2006. For example, VOC emission factors of various industrial processes are the same for the years 2001 and 2006, because we are not aware of any VOC capture technologies being used for those processes. We also use fixed emission factors for many small combustion devices like coal and biofuel stoves because there is no efficient way to control their emissions. But for most sectors, net emission factors were fundamentally changed to reflect the dramatic economic growth and dynamic technology penetration. Table 3 summarizes the significant changes of emission factors between 2006 and 2001 in China.
Environmental legislation is always an important determinant of emission factors. For example, the Chinese government has announced an ambitious plan to reduce national SO 2 emissions by 10% in 2010 compared with 2005. To achieve this goal, flue-gas desulfurization (FGD) devices are now being widely installed in coal-fired power plants. From 2001 to 2006, FGD penetration increased from 3% to 30%, causing a 15% decrease in the average SO 2 emission factor for coal-fired power plants (see Fig. 3a ). Likewise, during the same period, net PM 2.5 emission factors in power plants declined from 2.0 g/kg coal to 1.2 g/kg coal, a reduction of 40%. This reduction is largely attributed to a new, strengthened PM emission standard for power plants published in (SEPA, 2003 .
A series of emission standards was implemented for new vehicles in 1999, as shown in Table 4 . Since then, new vehicles with advanced emission-control technologies began to join the fleet and replace old ones. In 2006, 60% of on-road gasoline vehicles could meet EURO II or EURO III emission standards, increased from 1% in 2001. As a result, from 2001 to 2006, the average emission factors of gasoline vehicles decreased by 23% for NO x , 54% for CO, and 36% for VOC (Fig. 3b ).
Technology improvement is another important driving force. Since the year 2000, the market share of large boilers (capacity >300 MW) has increased rapidly in power plants. Those boilers were usually equipped with low-NO x burner technology (LNB) and hence have lower NO x emission factors than the older, smaller plants. This transition has cut the average NO x emission factor of the ensemble of plants by about 10% from 2001 to 2006 (Fig. 3a) . Technology renewal in China's cement plants has also caused a significant change in the net emission factor. There are two main types of kilns in China's cement plants: shaft kilns and rotary kilns. Shaft kilns have higher CO emission factors but lower NO x emission factors than rotary kilns, because the high concentration of CO in the combustion gas produces a reducing atmosphere that restrains the formation of NO x . In recent years, shaft kilns have been largely replaced by rotary kilns. From 2001 to 2006, the market share of rotary kilns increased from 29% to 50% (Chinese Cement Association, unpublished data, 2007), leading to a 25% decrease in the average CO emission factor but a 35% increase in the average NO x emission factor of China's cement plants.
For other Asian countries, we have generally used the same emission factors as in the TRACE-P inventory. An exception is for vehicle emissions. Emission factors for vehicles were derived using the MOBILE model, by integrating the varying stages of emission restrictions in recent years, to reflect the changes of emission factors due to implementation of emission standards. Table 5 summarizes the 2001 emission estimates by species and by sector and presents the difference between this 2001 inventory (R01) and the TRACE-P inventory for the year 2000 (T00). R01 estimates generally show a significant increase compared with T00, ranging from a 6% increase for OC to 70% for BC. Because the actual emission increases from 2000 to 2001 were not so significant (e.g., 5% increase for NO x ), these differences between R01 and T00 can be mainly attributed to the improvements of methodology.
The reasons for these differences vary among sectors and species. The most important reason is that R01 uses a technology-based approach that can identify emissions from specific types of technology. For example, industrial CO emissions in R01 are higher than in T00 by a factor of three, contributing significantly to the difference of CO emissions between T00 and R01. Compared with T00, R01 has a much more detailed categorization of sources in the industrial sector, which allows the identification of important CO emitting sources from specific industries such as cement kilns and brick kilns, which were missing in T00 . The situation is similar for other species. In R01, traditional brick kilns and coking production are identified as two important individual sources for BC and OC emissions. Using emission factors from Bond et al. (2004) , BC emissions from traditional brick kilns and coking processes for the year 2001 are estimated to be 241 Gg and 183 Gg, respectively, accounting for 15.1% and 11.5% of total anthropogenic emissions. These two important carbonaceous aerosol sources were missing in T00.
Another important reason is that R01 includes more emitting sources than T00. For example, we include off-road diesel emissions in R01 in the transportation sector. As a result, although emissions for on-road vehicles are similar in R01 and T00, NO x , VOC, BC and OC emissions from the transportation sector as a whole in R01 are higher by 37%, 23%, 140%, and 35%, respectively, than in T00 due to the inclusion of off-road vehicle emissions. R01 also has higher VOC, BC, and OC emissions for power plants than T00, which can be attributed to the inclusion of oil-fired power plant emissions in R01, but not in T00. And, NO x emissions from the residential sector in R01 are 37% higher than in T00, because R01 includes emissions from liquid fuels. Different data sources can also lead to different results. For the power plant sector, SO 2 and NO x emissions in R01 are both 22% higher than in T00. This is mainly because the coal consumption data used in R01 are actual statistical data from CESY, while the data used in T00 were extrapolated from 1995 data, which was lower than in the actual reported statistics. SO 2 emissions for transportation in R01 are 82% lower than in T00 because we use lower sulfur contents for transportation fuels -though the contribution of the transportation sector to total SO 2 emissions is small.
2006 emissions: emission growth and driving forces
We It is quite clear that the dramatic emission increases in China after 2001 were driven by the economic boom and growing infrastructure investments. On the other hand, China has made substantial efforts on technology improvement and emission control during this period. These measures have offset the emission growth significantly. We note several developments that have had important impacts on emissions in the following areas: a) New technologies with improved energy intensity and/or lower emissions. These technologies include: replacement of small power generation boilers by large ones that have better combustion efficiencies; use of power generation boilers with LNB technologies to reduce NO x emissions; replacement of indigenous processes by modern processes for coke production, resulting in a significant reduction of emissions; transition from shaft kilns to new-dry kilns in the cement industry, which reduces CO emissions (but increases NO x emissions); and advanced technologies to capture by-pass gas during iron and steel production, to avoid the CO releases from by-pass gas.
b) FGD installation on coal-fired power plants. As discussed in Sect. implemented new emission standards for these two sectors, which strengthened the limits for TSP emissions from 150-600 mg/Nm 3 to 50-100 mg/Nm 3 for all cement plants, and from 200-600 mg/Nm 3 to 50 mg/Nm 3 for new coal-fired power plants (SEPA, 2003 (SEPA, , 2004 CRAES, 2003) . To meet these standards, high-efficiency PM removal equipment was widely installed, and some small, dirty factories were closed. As a result, PM 2.5 emissions from cement plants and coal- Table 7 presents China's emissions by province for the year 2006. Emissions vary considerably from province to province, with the highest emissions mainly located in the eastern and central regions of China. Hebei, Henan, Jiangsu, Shandong, and Sichuan Provinces are the five largest contributors for most species. Shandong is the largest contributor for SO 2 , NO x , NMVOC, PM 10 , and PM 2.5 and the second largest contributor for CO and OC. Emissions from western provinces, e.g., Qinghai and Xizang, were much less than from eastern ones. The regional differences of emissions are mainly caused by differences of economic development, industry structure, and population.
Total Asian emissions
We estimate total Asian anthropogenic emissions in the year 2006 as follows: 47.0 Tg SO 2 , 36.8 Tg NO x , 298.1 Tg CO, 54.6 Tg NMVOC, 28.9 Tg PM 10 , 22.0 Tg PM 2.5 , 2.91 Tg BC, and 6.54 Tg OC. These values are not directly comparable with the TRACE-P inventory due to the fundamental changes in methodologies discussed previously. However, most impacts of methodology improvement can be removed by replacing the China part of the TRACE-P inventory with the R01 inventory of this work. Then we can compare the revised TRACE-P Asian emissions with our new estimates, to explore the actual emission changes during the intervening years. Asian emissions continue the significant increasing trends that have been reported in the last two decades (van Aardenne et al., 1999; Streets et al., 2001; Ohara et al., 2007) . From the beginning of the 21st century, Asian anthropogenic emissions increased by 33% for SO 2 , 44% for NO x , 18% for CO, 25% for NMVOC, and 9% for BC in just 5 years. The most significant growth was found for NO x emissions, which is driven by both industrial and vehicular emissions. In contrast, BC emissions, which are dominated by the residential sector, show a relatively small increase. OC emissions decreased by 9%, but this cannot be viewed as a real emission decrease, because in this 2006 inventory we used lower estimates of emissions from Reddy and Venkataraman (2002a, b) than the TRACE-P estimates. Reddy and Venkataraman (2002a, b) estimated that the OC emissions in India were 1.0 Tg in 1999, much lower than TRACE-P estimates of 2.2 Tg in 2000. The main reason for this difference is that Reddy and Venkataraman (2002b) used lower OC emission factors for biofuel combustion. Table 8 summarizes the emissions of each species in each country in 2006, and Fig. 6 shows the shares of emissions among different sub-regions of Asia. China and India are the two most important individual contributors to Asian emissions. China's contributions to total Asian emissions are: 66% for SO 2 , 57% for NO x , 56% for CO, 43% for NMVOC, 63% for PM 10 , 60% for PM 2.5 , 62% for BC, and 49% for dramatically during the past few years, the relative contributions from the transportation sector decreased for NO x , CO, and NMVOC, indicating the effectiveness of control measures on gasoline vehicles. However, the increasing contribution of transportation emissions to carbonaceous aerosols indicates the expanding diesel vehicle fleet and slow progress on control measures for diesel particles.
Seasonality of emissions
In the TRACE-P inventory, Streets et al. (2003a) developed seasonal variations of residential energy consumption, assuming a dependence of stove operation on regional monthly mean temperatures. However, no seasonal variation was considered for the power generation and industrial sectors in the TRACE-P inventory. In this work, we follow the same methodology to generate monthly emissions for the residential sector for the whole of Asia, but also develop monthly emissions for power generation and industry for China according to the monthly activity data on power generation, cement production, and industrial GDP at the provincial level (Beijing Huatong Market Information Co. Ltd, 2006; China Statistical Information and Consultancy Center, 2006) . Table 9 presents monthly emissions in China in 2006 by species. Strong seasonal variations are observed for CO, BC, and OC, where the residential sector contributes the largest portion of emissions. The ratios of monthly CO, BC, and OC emissions between maxima and minima are 1.6, 2.1, and 2.8, respectively. In contrast, SO 2 and NO x emissions have weaker seasonal variations, with ratios of 1.4 and 1.3 between maxima and minima, because they mainly come from industrial and transportation emissions that have less of a seasonal cycle. We also find that SO 2 and NO x emissions in February are lower than in neighboring months, because of reduced industrial activity during the Chinese Spring Festival holiday.
Gridded emissions
Figures 8 and 9 show the spatial distribution of gaseous pollutants and aerosol emissions in Asia in 2006 at a resolution of 30 min×30 min. Emissions are distributed using various spatial proxies at 1 km×1 km resolution Woo et al., 2003) . For Japan, Korea, Taiwan, and India, where the emissions were obtained from national inventories, we keep the spatial distribution characteristics of the original inventories and simply re-grid them to 30 min×30 min resolution. All power generation units with capacity larger than 300 MW (∼400 units) in China are identified as large point sources, while other plants are treated as area sources.
Data access
All regional and gridded emission data sets can be downloaded from our web site (http://mic.greenresource.cn/ intex-b2006). Users can examine emissions by country and by sector from the summary tables. Gridded data include the emissions of all species by sector (power, industry, residential, and transportation) at 30 min×30 min resolution. At the time this paper was submitted, NMVOC emissions speciated according to the SAPRC-99 mechanism are available by sector (power, industry, residential biofuel, residential fossil fuel, residential non-combustion, and transportation) for download at 30 min×30 min resolution, but we will add speciated VOC emissions for other mechanisms later. These emission data are also downloadable from the website at the University of Iowa (http://www.cgrer.uiowa.edu/ EMISSION DATA new/index 16.html).
Discussion
Magnitude of China's emissions in inventories and
top-down constraints Ohara et al. (2007) conducted a comprehensive comparison of different emission inventories for Asia, China, and India during 1995-2000 and discussed the reasons for the differences. In this section, we will not repeat that comparison, but focus instead on a comparison of the magnitude of China's emissions in inventories and from top-down constraints for years after 2000 (Table 10 ), in order to highlight the implications for emission inventory development.
a) Sulfur Dioxide. SO 2 is one of the few pollutants for which China's government reports national emissions annually. Our estimate for the year 2006 is 20% higher than SEPA reported; however, the two estimates generally agree well at the sector level, considering that SEPA's estimate does not include emissions from rural industries and residential biofuels. The increasing trends of the two estimates are also similar: we estimate a 35% increase of SO 2 emissions in 2001-2006, while SEPA presented a 33% increase during the same period. Our estimates for the year 2001 are close to the value of the TRACE-P inventory, but significantly lower than the Fu et al. (2007) , required a 25% increase in reactive VOC emissions from the TRACE-P inventory (including BB emissions) to agree with inverse modeling.
values estimated by REAS and EDGAR (Olivier et al., 2005 ).
It appears that the magnitude of China's SO 2 emissions in the TRACE-P inventory is reasonable on the basis of CTM model simulations and comparison with in situ measurements Russo et al., 2003; Tan et al., 2004) . The accuracy of our SO 2 estimate for the year 2006 is of more concern, because we have no guarantees that the recently installed FGD equipment is run continuously, as we assume. This could impact China's SO 2 emission trend significantly. Recent developments on satellite-based SO 2 column observations show good potential for constraining surface emissions Krotkov et al., 2008) . Further trend analysis of satellite SO 2 columns over China may be able to provide valuable information for verifying SO 2 emissions. b) Nitrogen Oxides. NO x emission estimates for China are all quite close (see Table 10 ). Analysis from modeling and measurements during the TRACE-P campaign also indicated that the estimates of China's NO x emissions in the TRACE-P inventory are reasonably accurate . However, several inverse modeling analyses constrained by satellite-based data concluded that China's NO x emission inventory was significantly underestimated (Martin et al., , 2006 Jaeglé et al., 2005; Wang et al., 2007) . In the meantime, forward modeling studies also under-predicted NO 2 columns compared to satellite retrievals by a factor of two over East China, which is usually attributed to underestimation of NO x emissions (Ma et al., 2006; Uno et al., 2007 ). China's NO x emissions are mainly contributed by power plants and vehicles, and there is no clear evidence to suggest such a remarkable underestimation of emissions from those two sectors from the perspective of inventory development. One plausible reason is that current estimates of soil NO x emissions are too low , and further investigations are required to reconcile NO x emission estimates over China.
c) Carbon Monoxide. Analysis of CO observations using chemical transport models in inverse and forward modes suggested that previous China's CO inventories were underestimated by about 50% at the time of the TRACE-P mission Heald et al., 2003 Heald et al., , 2004 Palmer et al., 2003a; Allen et al., 2004; Arellano et al., 2004; Petron et al., 2004; Tan et al., 2004; Wang et al., 2004) , as shown in Table 10 . Motivated by those top-down constraints, we reexamined the source characteristics and concluded that emissions from cement kilns, brick kilns, and the iron and steel industry were underestimated . Bottom-up and modeled emission estimates are now in good agreement (Yumimoto and Uno, 2006; Tanimoto et al., 2008; Kopacz et al., 2009 ), which represents a major success story for the TRACE-P mission. This was the first study in which bottom-up and top-down approaches for quantifying China's emissions were truly integrated. Inadequacies in the bottom-up approach were identified by top-down studies, and the findings from the top-down studies were able to be used to improve our understanding of emissions and guide improvement of the bottom-up inventory.
d) Nonmethane Volatile Organic Compounds. and Bo et al. (2008) recently estimated China's NMVOC emissions for the year 2005. Our estimates for the year 2006 are 15% higher than Wei et al. (2008) . Considering the emission growth from 2005 to 2006, these two estimates may actually be in reasonable agreement. Bo et al. (2008) presented lower NMVOC emissions than both Wei et al. (2008) and this work, which seems to be due to their low estimates for stationary combustion emissions.
Satellite observations of formaldehyde columns offer topdown constraints on reactive NMVOC emissions (Palmer et al., 2003b (Palmer et al., , 2006 Millet et al., 2006) . Fu et al. (2007) found that wintertime GOME observations can diagnose anthropogenic reactive NMVOC emissions from China, leading to an estimate 25% higher than the TRACE-P inventory, which is in good agreement with our new estimates for the year 2001 (23% higher than the TRACE-P inventory). Modeling evaluations of the TRACE-P inventory using field measurements from the TRACE-P campaign concluded that the inventory performed well for the light alkanes and ethyne, but estimates for other speciated NMVOCs are highly uncertain . Speciated NMVOC emissions are highly dependent on the source profiles used. In this work, we applied both local source profiles and international profiles when developing speciated VOC emissions, to investigate the impact of different source profiles on emissions. This work is documented in Zhang et al. (2009) .
e) Black Carbon. The range of 2000/2001 estimates for China's anthropogenic BC emissions varies from 0.94 Tg to 1.60 Tg (see Table 10 ). This is not surprising because of the high uncertainties in emission estimates. Analysis of forward and inverse model calculations using TRACE-P and ACE-Asia measurement data concluded that the TRACE-P estimates of BC are qualitatively correct Uno et al., 2003b; Clarke et al., 2004; Hakami et al., 2005) , but Tan et al. (2004) suggested a 60-90% increase of TRACE-P BC emissions was necessary to bring the modelpredicted BC concentrations into agreement with in situ measurements. However, Carmichael et al. (2003b) pointed out a systematic problem in under-predicting BC levels at low altitudes in the Yellow Sea; Clarke et al. (2004) found that BC emissions from combustion sources north of 25 • N were underestimated by a factor of ∼3, and Hakami et al. (2005) concluded that anthropogenic BC emissions over Southeastern China were overestimated while those in Northeast China were underestimated. These findings indicated that the regional distributions of the current BC inventory are questionable, although emission estimates of the TRACE-P inventory may be correct at the national level. One possible reason for this situation is discussed below (Sect. 4.3.2).
Constraining the trajectory of China's emission trends
Recent developments in satellite observations allow for the development of long-term emission trends, which is very helpful for constraining emission inventories. Satelliteobserved tropospheric NO 2 columns have been widely used for evaluating the recent dramatic increase in NO x emissions over China (e.g., Richter et al., 2005; van de A et al., 2006 Stavrakou et al., 2008) . We have developed a 10-year trend of NO x emissions in China during [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] and compared it with the satellite observations (Zhang et al., 2007b) . The growth rate from the emission inventory is lower than that from the satellite observations. We found quantitative agreement during summertime but a large discrepancy during winter time. Additional analysis is needed to find the reason of the discrepancy, but the consistency between the summertime trends suggests that the bias cannot be associated with systematic error of the basic inventory data. In this work, we estimate that NO x emissions in China increased by 55% during [2001] [2002] [2003] [2004] [2005] [2006] , at a 9.2% annual growth rate. This is comparable with the satellite-inferred trend of NO 2 columns over China for recent years (Table 11) . Satellite-inferred trends also show good agreement with our inventory for other species. Tanimoto et al. (2008) 
Main uncertainties in this inventory
Compared with the TRACE-P inventory, we believe that emission estimates for China in this work are significantly improved as a result of our detailed technology approach and other methodological improvement. We also believe that the emission estimates for Japan, Korea, and Taiwan in this work are improved from the TRACE-P inventory, as they rely on thorough inventory compilation at the local level with local knowledge. For other Asian countries (mainly in Southeast Asia), the accuracy of the estimates is less than in other regions, as activity data were extrapolated from the year 2004 and few local emission factors were applied. So users should be cautioned if using this inventory for the Southeast Asia region specifically. The uncertainty of this inventory in Southeast Asia is at about the same level as the TRACE-P inventory, because the same methodology was used.
For the TRACE-P inventory, a detailed uncertainty analysis was performed for each species by combining emission measurement uncertainties with uncertainties in activity levels . The overall uncertainty in TRACE-P emissions for all of Asia was calculated as follows, ranked in increasing order of uncertainty and measured as 95% confidence intervals: ±16% (SO 2 ), ±37% (NO x ), ±130% (NMVOC), ±185% (CO), ±360% (BC), and ±450% (OC). It is impossible for us to conduct such an analysis for the whole of Asia in this work, since we use several local emission inventories and their uncertainties are not known. However, we have repeated the TRACE-P uncertainty analysis for China, by taking into account the new emission factor data and the improved estimates of activity levels by sector, fuel, and technology type. The uncertainties for China's emissions in the year 2006 are estimated as follows: ±12% (SO 2 ), ±31% (NO x ), ±68% (NMVOC), ±70% (CO), ±132% (PM 10 ), ±130% (PM 2.5 ), ±208% (BC), and ±258% (OC). Compared with the TRACE-P inventory, the uncertainties in SO 2 and NO x emissions are similar, while other species show significant improvements in accuracy. These improvements are mainly gained from the technologybased methodology.
The uncertainties in emission estimates for China vary considerably across sectors and source types. Uncertainties in power-plant emissions are less than for other sectors, because the activity data are well known and local emission factors are available. This is confirmed by a recent unitbased power-plant emission inventory for China (Zhao et al., 2008) : our estimates are in good agreement with the unitbased estimates. We also feel comfortable with the estimates for the cement industry and the iron and steel industry, because factory-level information was applied when building this inventory. The larger remaining uncertainties are now confined to small industries, residential combustion, and the transportation sector. Bond et al. (2004) concluded that coke production and brick production are important emitting sources for China, which were omitted in previous inventory studies. Cao et al. (2006) also identified rural industry in China as an important contributor of carbonaceous aerosol emissions. These small industries are thought to be highly polluting, because the low level of technology inhibits the use of efficient control devices. In this work, we estimate that industrial processes contributed 0.45 Tg BC and 0.50 Tg OC in 2006, mostly from coke production and brick production, by using the same emission factors as in Bond et al. (2004) . However, we are not confident about these numbers, because those emission factors are based on very few measurements. Emission factors for coke ovens were determined using assumptions about actual operation conditions that have 100% uncertainty (Bond et al., 2004, Sect. 5.2.3) . There is no information available on measured emission factors of traditional brick production. Emission factors were interpolated between values for home-heating stoves and stoker-fired boilers with high uncertainty (Bond et al., 2004) . Local measurements on those sources are required to remedy this situation and narrow the range of uncertainty.
Small industries
Residential coal combustion
The residential sector has been identified as a major cause of uncertainty in estimates of CO, NMVOC, and carbonaceous aerosol emissions in Asia , because of the lack of reliable statistics and local emission factor measurements. In this work, we follow the method used in the TRACE-P inventory for the residential sector, by applying a uniform emission factor for a given fuel for the whole sector.
However, large variations of BC emission factors have been observed in residential coal combustion in recent measurements (Chen et al., 2005 (Chen et al., , 2006 Zhi et al., 2008) , depending on coal type (bituminous or anthracite) and combustion type (raw coal or briquette). In this case, the average BC emission factor in residential combustion is dominated by the share of bituminous coal use and the share of raw coal use, because BC emissions from bituminous raw coal combustion are 30-500 times higher than others ( Table 12 ). However, we don't know the real-world fraction of coal briquette use in China. The China Energy Statistical Yearbook only reports a small portion of residential coal use (<10%) as coal briquettes, but actually coal briquettes are widely used in the residential sector. This results in difficulty in determining BC emission factors accurately. Figure 10 illustrates the dependence of BC emission factors on bituminous coal use and coal briquette use in China's residential coal combustion. We were able to identify BC emission factors for a few provinces such as Beijing, Fujian, and Shaanxi, but we do not know the situations in other provinces. This may result in significant errors in the regional distribution of BC emissions in China when applying a uniform emission factor for the whole of China. Remedying this problem will require a reassessment of China's official statistics for the residential sector.
Vehicle emissions
Recent estimates of China's vehicle emissions are surprisingly close (see Table 13 ), but this does not mean that the accuracy of the estimates is high. Even for developed countries, estimating vehicle emissions is still difficult. For example, Parrish (2005) argued that CO emissions from onroad vehicles in the US were overestimated by about a factor of two in USEPA's National Emissions Inventory. In China, Chen et al. (2006) . the quality of the vehicle emission inventory is downgraded by a couple of issues. First, transportation-related activity data are not well reported through the national or provincial statistical systems. Vehicle population data are usually available at provincial level only with simple classifications; transportation energy consumption is not properly reported in statistics; and systemic surveys of vehicle travel mileage are also absent. We have to use modeling methods to obtain some of the necessary activity data (He et al., 2005) . On the other hand, there is no transportation emission model specifically designed for the China situation available for national emission inventory development. Emission models from developed countries have usually been applied in the past, using base emission factors from their own databases with assumptions and adjustments to match China's fleet structure Cai and Xie, 2007) .
Recent efforts to develop high-resolution vehicle emission inventories for China are encouraging (Liu et al., 2007; Huo et al., 2009; Wang et al., 2009) . Bottom-up methods were used in these studies, by collecting data on vehicle fleet composition, daily travel mileage, and driving patterns at city level, which can reduce estimation uncertainties significantly. Extending these activities to more cities would be very beneficial for national emission inventory development. Vehicle tests are also ongoing, to begin the development of emission factors specific to China. Continued updates and improvements in this field are required to gain a better understanding of emissions in China.
Applications and evaluations of the inventory
This inventory has been used in the modeling community during and after the INTEX-B mission. Initial results from the INTEX-B experiments are encouraging. By using this inventory and the GEOS-Chem model, van Donkelaar et al. (2008) and L. examined the characteristics of Asian outflow and found that the model provides a good simulation of the SO x , SO 2− 4 , ozone, NO x , and PAN mean vertical profiles observed from INTEX-B aircraft. By comparing with the trend in satellite retrievals, they also found that this inventory well represented the SO 2 and NO x emission increases in Asia between 2000 and 2006.
The NO x budget over East Asia has been investigated by integrating atmospheric models, satellite observations, and this inventory. Good agreement was found. Han et al. (2009) suggested that our estimates over North China, coupled with another Korean inventory, appear to provide a better estimation of the real world situation compared to the TRACE-P inventory. In two most recent inversion modeling studies using OMI and GOME2 satellite observations, the a posteriori estimates suggest that the NO x budget was close to or slightly lower than ) the bottom-up estimates. Several regional modeling studies have used this inventory and compared their model predictions against surface observations in China. Both consistencies and inconsistencies between model and observation were both found in those studies. simulated ozone pollution over East China in 2004 by using a regional chemical transport model (REAM) and this inventory. The model errors for ozone simulation are within the recommend ranges of the USEPA, but the model significantly underestimates some ozone peaks at Mt. Tai. Chen et al. (2009) used a nested GEOS-Chem model and this inventory to investigate regional CO pollution over China. They found that the model predicted surface CO concentrations well at a suburban site near Beijing but underestimated CO concentrations significantly in the Beijing urban area during summer 2005. Finally, Matsui et al. (2009) found that CMAQ model calculations using this inventory cannot agree with all of the observations made in downtown and rural Beijing sites in summer 2006. Systematically large SO 2 /CO and BC/CO ratios as compared with observations were found, indicating there are some inconsistencies in the emission data. Although emission estimates for the whole of China are thought to be more accurate than previous studies, there can still be large uncertainties remaining in individual locations. This is because emissions are estimated at the provincial level, while emission patterns may vary within a province due to local differences in economic and industrial structures. The next step of our work will be to better present the spatial pattern of the inventory at local level, by using more region-specific activity data/emission factors, and high-resolution GIS databases.
